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1. GOALS

The objective of this contract is to obtain ionospheric measurements from a wide range of
geographic locations and to utilize the resulting databases to validate the theoretical ionospheric
models that are the basis of the Parameterized Ionospheric Specification Model (PRISM) and the
Ionospheric Forecast Model (IFM).

In this past year, we have supported these goals with the following activities:

e improvement of the GPS positioning error map algorithms using PRISM.

e integration of the GPS positioning error map algorithms into the Operatioinal Space
Environment Network Display.

e validations of the Parameterized Ionosphere Model (PIM) and the PRISM.
e the application of plasma kinetic equations for ionospheric modeling.
e studies of the longitudinal dependence of low-latitude TEC using the LOWLAT model.

e TEC and scintillation studies.

2. PROGRESS
2.1 Determination of Position Errors for Single-Frequency GPS Users

In last year’s annual report, we described an initial effort to investigate navigational position
errors caused by inaccuracies in the standard Ionospheric Correction Algorithm (ICA). The ICA
is the only ionospheric correction available for single-frequency GPS users and it corrects for
~50 percent of the delay on pseudoranges introduced by the ionosphere. The residual delay, not
accounted for by the ICA, can result in positioning errors for the single frequency GPS user. The
work completed last year included the development of a set of algorithms that estimates the
magnitude of those position errors and plots them on a worldwide map. These error estimates
were determined by propagating the difference between the PIM ionospheric corrections and the
ICA corrections through a series of complex position error equations. Last year’s work included
a limited validation of the method.

In the current year, work has continued on quantifying the magnitude of positioning errors that
result from inadequate modeling of the ionosphere for single-frequency users. In particular,
sensitivity studies were completed based on changes in solar activity and geographic location.
Additionally, the algorithms were modified to provide more versatility in their use. These
modifications included adding the ability to assimilate PRISM model output for ionospheric
corrections and to allow the use of different types of satellite ephemeris sets. Finally, work was
initiated to provide a more comprehensive validation of the algorithms.

This work resulted in three presentations and two papers in meeting proceedings.

In the current year, efforts were also made to integrate the position error maps into the OP-
SEND. OP-SEND includes maps with near real-time estimates on:




UHF SATCOM Scintillation

HF Illumination

Auroral Clutter Boundaries
Scintillation Predictions

GPS Single-Frequency Position Error

All of these components are useful in describing limitations for communication and navigation
systems induced by the ionosphere.

2.2 Validations of the PIM and PRISM Models

A number of tasks were performed to aid the assessment and forecast of space environment
conditions. Our prime contribution in these tasks was the validation efforts to establish operating
performance baselines of the PIM and PRISM models.

Initial validations of PRISM were undertaken during 1999 at AFRL. PRISM was developed in
the 1990’s for operational use by the Air Force. The basic concept of PRISM is to use available
ground-based and space-based data in near real-time to modify the physics-based climatological
model (PIM) in order to provide a global specification of the ionosphere to higher accuracy than
what climatology alone can provide. This validation effort was divided into two parts. One part
focused on validating PRISM’s climatology and the other part focused on the effectiveness of the
real-time adjustment used by PRISM to adjust the PRISM climatology.

In the first effort, we compared PRISM’s climatology to several datasets as well as several
empirical ionospheric models. The datasets utilized in this work included Faraday Rotation TEC
from four worldwide locations together with Defense Meteorological Satellite Program (DMSP)
in-situ total ion density measurements. The models that were considered along with PRISM
climatology were the Bent model, the International Reference Ionosphere (IRI), and the
Raytrace/ICED, Bent, Gallagher model (RIBG). The overall results of these efforts were that
model performance is quite variable. They all do a better job predicting TEC climatology at a
mid-]atitude location that they do the topside behavior as seen by DMSP. A sample of the results
of this work is shown in Figure 1 where we display the RMS error averaged over a year during
solar maximum. The RMS error was calculated by taking the difference between the value
calculated by the model and an actual TEC measurement. Each panel in Figure 1 represents the
comparison of the RMS errors for four different models for one station. Results for Hamilton,
MA are shown in the left panel, while Taiwan and Ascension Island results are shown in the
middle and right panels respectively. Note that the performance of the models is very similar
with no big winners or losers in any location.

In the second effort, TOPEX TEC, GPS TEC and ground-based di gisonde data was used to test
PRISM’s ability to produce an improved ionospheric specification over climatology. Initial runs
of this effort showed that PRISM’s ability to generate an improved ionospheric prediction is
highly dependent on a particular location’s distance from where the real-time observations are
made. Further, there can be locations where the adjustments made in PRISM produce errors




larger than those of climatology. Efforts to quantify these errors and the conditions under which
they occur will continue into the next year.
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Figure 1. RMS Error Averaged Over a Year During Solar Maximum

2.3 Ionospheric Modeling Using Systems of Plasma Kinetic Equations

A physically accurate theoretical model of the Equatorial Spread F problem must include the
variation of plasma perturbations along the Earth’s curved geomagnetic field. Mathematically,
this requires the solution of a second-order differential equation subject to the boundary
conditions. A numerical code has been developed to solve the second-order differential equation,
subject to the appropriate boundary conditions. This determines the Eigenvalue A as well as the
Eigenfunction ¢. A positive, real value of A indicates plasma instability. The validity of the
numerical algorithm continues to be tested for different limiting cases of the differential
equation, for which analytical solutions are known.

This work will continue in the next year with the goal to develop a theoretical model of
equatorial spread F.

2.4 Longitudinal Evaluation of Low-Latitude TEC

The longitude structure of ionospheric TEC at low latitudes has been evaluated using the
TOPEX/Poseidon satellite. The TEC data set illustrated patterns of longitudinal dependence of
the equatorial anomaly during the equinoxes, summers and winters of 1993, 1994 and 1995. The
TOPEX observations revealed occurrence of relative maximum anomaly TEC values in the
Indian/Asian longitude sector. This dominance was seen most consistently in the Asian Southern
Hemisphere. Also a relative decrease in anomaly TEC were evident in the western American
region, which was primarily observed during the equinox and winter months.

The TOPEX data was further utilized in conjunction with the low latitude theoretical model to
determine the dependence of anomaly features on ExB vertical drift velocities. This effort
included attempts to reproduce the anomaly features of the TOPEX data by varying the strength
of the ExB drift velocities. Results showed that ExB drift velocities were a primary factor in the
longitudinal dependence of equatorial anomaly TEC. A summary of these efforts are contained
in the paper "Longitude Structure of Ionospheric TEC at Low Latitude Measured by the




TOPEX/Poseidon Satellite,” by J.A. Vladimer, P. Jastrzebski, M.C. Lee, P.H. Doherty, D.T.
Decker and D.N. Anderson. A copy of this paper is appended to this report (see Appendix A).

2.5 TEC and Scintillation Studies

A study was initiated to determine the relationship between rapid changes in TEC and amplitude
scintillation. Dual-frequency GPS TEC and amplitude scintillation measurements recorded at
Ascension Island in the February-April 1998 time period were utilized. The reason for the study
was to determine if rapid changes in TEC could be used as a proxy for amplitude scintillation.
The results illustrated a strong correlation during the pre-midnight period and a poor correlation
in the post-midnight period. S. Basu, K.M. Groves, J.M. Quinn and P. Doherty present a
summary of this work in the paper, “A Comparison of TEC fluctuations and scintillations at
Ascension Island.” A copy of this paper is appended to this report (see Appendix B).

3.  PRESENTATIONS
The work described in this report resulted in 12 oral presentations at various scientific meetings.

Decker, D.T., Wise, J.O., Borer, W.S., Daniell, R.E., and Doherty, P.H., "Validation of PRISM:
Real Time Specification,” presented at the 1999 Ionospheric Effects Symposium, Alexandria
VA, May 1999.

Doherty, P.H., Decker, D.T., Sultan, P.J., Rich, F.J., Borer, W.S., and Daniell, R.E,
“VValidation of PRISM: The Climatology V,” presented at 1999 Ionospheric  Effects
Symposium, Alexandria VA, May 1999.

Smitham, M.C., Doherty, P.H., Delay, S.H., and Bishop, G.J., “VDetermination of Position
Errors for Single-Frequency GPS ReceiversV,” presented at the 1999 Ionospheric Effects
Symposium, Alexandria VA, May 1999.

Doherty, P.H., Smitham, M.C., Delay, S.H., and Bishop, G.J., “VDetermination of Position
Errors for Single-Frequency GPS ReceiversV,” presented at the Institute of Navi gation Annual
Meeting, Cambridge MA, June 1999.

Decker, D.T., Doherty, P.H., Sultan, P.J., Rich, F.J., Borer, W.S., and Daniell, R.E.,
“VValidation of Ionospheric Models: The ClimatologyV,” presented at the GIFT workshop at
the CEDAR Meeting, Boulder CO, June 1999.

Decker, D.T., Wise, J.0., Borer, W.S., Doherty, P.H., and Daniell, R.E., "Assessment of
Ionospheric Models: Weather Specification,” presented to the [IUGG 99 Meeting, Birmingham,
UK, July 1999 and to the URSI General Meeting, Toronto, Canada, August 1999.

Doherty, P.H., "Predicting Single-Frequency GPS Positioning Errors,” seminar series
presentation at the Air Force Geophysics Laboratory, August 1999.



Doherty, P.H., Decker, D.T., Sultan, P.J., Borer, W.S., and Daniell, R.E., "Assessment of
TIonospheric Models: The Climatology,” presented to the IUGG 99 Meeting, Birmingham, UK,
July 1999 and to the URSI General Meeting, Toronto, Canada, August 1999.

Decker, D.T., Wise, J.O., Daniell, R.E., Doherty, P.H., and Borer, W.S., "Validation of an
Tonospheric Specification Model,” presented at the Fall AGU Meeting, San Francisco CA,
December 1999.

Doherty, P.H., Decker, D.T., Sultan, P.J., Rich, F.J., Borer, W.S, and Daneill, R.E.,
"Comparisons Between Ionospheric Models and Observed Climatology,” presented at the Fall
AGU Meeting, San Francisco CA, December 1999.

Hilmer, R.V., Ginet, G.P., Kadinsky-Cole, K., Quigley, S., Decker, D.T and Doherty, P.H.,
"Space Environment Models Addressing Operational Hazards: An AF-GEOSPACE Perspective
on Current Capabilities,” presented to the 38™ Aerospace Sciences Meeting of the American
Institute of Aeronautics and Astronautics, Reno NV, January 2000.

Decker, D.T., Borer, W.S., Doherty, P.H., Wise, J.O., and Daniell, R.E., "Comprehensive
Evaluation of Ionospheric Models,” presented to the Chapman Conference on Space Weather,
Clearwater FL, March 2000.

4. MEETING PROCEEDINGS
Results of our work are included in the following meeting proceedings:

Decker, D.T., Wise, J.O., Borer, W.S., Daniell, R.E., and Doherty, P.H., "Validation of PRISM:
Real Time Specification,” Proceedings of the 1999 Ionospheric Effects Symposium, Alexandria
VA, May 1999.

Doherty, P.H., Decker, D.T., Sultan, P.J., Rich, F.J., Borer, W.S., and‘Daniell, R.E., "Validation
of PRISM: The Climatology,” Proceedings of the 1999 Ionospheric Effects Symposium,
Alexandria VA, May 1999.

Smitham, M.C., Doherty, P.H., Delay, S.H., and Bishop, G.J., "Determination of Position Errors
for Single-Frequency GPS Receivers,” Proceedings of the 1999 Ionospheric Effects Symposium,
Alexandria VA, May 1999.

Doherty, P.H., Smitham, M.C., Delay, S.H., and Bishop, G.J., "Determination of Position Errors
for Single-Frequency GPS Receivers,” Proceedings of the Institute of Navigation Annual
Meeting, Cambridge MA, June 1999.

Hilmer, R.V., Ginet, G.P., Kadinsky-Cole, K., Quigley, S., Decker, D.T and Doherty, P.H.,
"Space Environment Models Addressing Operational Hazards: An AF-GEOSPACE Perspective
on Current Capabilities,” Proceedings of the 38™ Aerospace Sciences Meeting of the American
Institute of Aeronautics and Astronautics, Reno NV, January 2000.




5. JOURNAL ARTICLES

Basu, S., Groves, K.M., Quinn, J.M., Doherty, P. "A comparison of TEC fluctuations and
scintillations at Ascension Island,” JASTP, 61, 1219-1226, 1999. (Appendix B)

Vladimer, J.A., Jastrzebski, P., Lee, M.C., Doherty, P.H., Decker, D.T. and Anderson, D.N.,
"Longitude Structure of Ionospheric TEC at Low Latitude Measured by the TOPEX/Poseidon
Satellite,” Radio Science, Vol. 34, #5, pp. 1239-1260, Sept-Oct 1999. (Appendix A)



- APPENDIX A

Ruadio Science. Volume 34, Number 5, Pages 1239-1260, September-October 1999

Longitude structure of ionospheric total electron content
at low latitudes measured by the TOPEX/Poseidon satellite

J. A. Vladimer. P. Jastrzebski, and M. C. Lee

Department of Electrical and Computer Engineering. Boston University, Boston. Massachusetts

P. H. Doherty and D. T. Decker

Institute for Scientific Rescarch, Boston College, Newton. Massachusetts

D. N. Anderson

Space Vehicles Directorate. Air Force Research Laboratory, Hanscom Air Force Base, Massachusetts

Abstract. The longitude structure of ionospheric total electron content (TEC) at low
latitudes has been evaluated using the NASA/Centre Nationale d’Etudes Spatiales
TOPEX/Poseidon satellite. The TEC data set is given by the ionospheric range correction,
which is computed from TOPEX dual-frequency altimeter measurements. The satellite’s
orbit allows analysis of vertically measured TEC values at approximately 30° intervals of
longitude across the world at local time differences of only 6-12 min. Patterns of
longitudinal dependence of the equatorial anomaly were observed during the equinoxes,
summers, and winters of 1993, 1994, and 1995. TOPEX observations reveal occurrence of
relative maximum anomaly TEC values in the Indian/Asian longitude sector. This
dominance in TEC is seen most consistently in the Asian Southern Hemisphere. Also, a
relative decrease in anomaly TEC values is evident in the western American region, which
is observed primarily during equinox and winter. This configuration of the equatorial
anomaly TEC is observed on a day-to-day basis at particular periods of local time. Global
theoretical ionospheric model results are presented in an attempt to reproduce the
distinctive longitude structure. Variability in E X B vertical drift velocity within specific
longitude sectors is shown to be a primary factor in the longitude dependence of

equatorial anomaly TEC.

1. Introduction

The forecasting of ionospheric total electron con-
tent (TEC) is of significant importance to the consis-
tent, precise operation of ground-based and space-
based systems involving radio wave signal
propagation. Satellite communication, aircraft and
space vehicle positioning, and surveillance systems for
both defense and commercial uses require iono-
spheric TEC calibration. It is difficult to provide
accurate predictions of TEC at low latitude due to the
large spatial and temporal variations of the iono-
sphere in equatorial regions. Large values of TEC are
observed within 3 fatitude to the north and south of
the magnetic cquator as a result of the formation of
the electromagnetic phenomenon known as the equa-
torial anomaly [Appleton. 1946). These bilateral en-

Copvright 1999 by the American Geophysical Union

Paper number 1999RSOO006(0
(048-6604 99, TOUORSUODO60S T T H0

hancements are formed by the perpendicular electro-
dynamic (E X B) uplifting of the F region plasma in
combination with the parallel plasma flow due to
nonelectromagnetic forces of gravity and pressure
gradients. The diurnal variation in electric field
strength and ionospheric plasma density is believed to
be caused by an increase in the thermospheric winds
in the F region, which create ion and electron sepa-
ration. Currents develop, and in response an electro-
static field is generated and interacts with the Earth’s
magnetic field, causing vertical plasma drifts [4nder-
son, 1981, and references therein). Extreme day-to-
day fluctuations in the equatorial anomaly have been
observed, as well as vanability with respect to time of
day, scason, longitude. solar cycle. and magnetic
activity.

The NASA/Centre Nationale d'Etudes Spatiales
(CNES) TOPEX/Poscidon satcellite provides world-
wide over-ocean values of vertical TEC within a
longitude range of (°-360° and a latitude range of

7
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Figure 1. TOPEX coverage at low magnetic latitude is shown. Each of 10 defined bins contains the

data from the same 10 days and local times.

—66°-66°. In this study the TOPEX data set was
utilized to evaluate the low-latitude longitudinal
structure of the ionosphere in terms of average values
of TEC and repeated patterns of behavior of the
equatorial anomaly. Ionospheric model simulations

were generated in an attempt to reproduce the ob-
served consistent configurations of TEC within spe-
cific longitude sectors. Models employed were the Air
Force Research Laboratory parameterized iono-
spheric model (PIM) and the global theoretical ion-

Table 1. Descriptions of Bins in Terms of Longitude, Latitude, and Declination Range at

the Magnetic Equator
Geographic Longitude Geographic
Longitude TOPEX Range (Magnetic Latitude Declination
Sector Bin Equator Crossing) Range Range
Pacific 1 180°E-206°E +1to -1 11°E-12°E
2 206°E-232°E -1to -5 10°E-12°E
American 3 232°E-255°E -5t0 -9 6°E-10°E
4 255°E-285°E -9to -14 1°E-6°E
Brazilian 5 318°E-352°E +410 +11 8°W-10°W
Indian/Asian 6 45°E-70°E +8to +9 8W-10°W
7 70°E-97°E +8to +10 2°W-8°W
8 97°E-128°E +8to +10 2°W-3°E
9 128°E-155°E +7t0 +8 IE-8°E
Pacific 10 155°E-180°E +1to +7 8°E-11°E

Bins are described in terms of longitude sector. The ranges of geographic longitude, geographic latitude
and declination are referenced to the magnetic equator.
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Figure 2a. TOPEX passes within adjacent bins 1 and 2 are shown. Equatorial anomaly crest and
trough values are represented by triangles and stars, respectively.
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Figure 2b. Data from bins 1 and 2 illustrate the differences between anomaly shape and variability
within bins of close proximity.
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Figure 3a. Scatterplots from bins 1-5 show data during spring equinox, summer, and winter of 1993.

ospheric model (GTIM). These theoretical models
were chosen for their ability to test the sensitivity of
the ionosphere to variations in inputs such as E X B
vertical drift velocity, ion and electron temperatures,
and other specific geophysical conditions which are
described in section 3. The TOPEX coverage at
equatorial anomaly latitudes and the defined longi-
tude bins used for this work are shown in Figure 1.
Table 1 describes each bin in terms of the longitude,
latitude, and declination range at the magnetic equa-
tor. Specifically, the range of geographic longitude is
given by the TOPEX pass crossings at the geomag-
netic equator. The geographic latitude extent of the
magnetic equator is indicative of the difference be-
tween the gcographic and geomagnetic equators.
Finally, the range of values and direction of declina-
tion at the magnetic equator within each bin are
listed.

Previous studies have revealed discrepancies in
TEC values within various longitude sectors using
data collected at low-latitude ground stations [Walker,
1981; Su et al., 1995). Probable reasons for the
longitudinal variability at these specific latitudes have
been presented. Contributing factors include (1) the
geomagnetic equator not being parallel to the geo-
graphic equator, (2) variations in magnetic declina-
tion, and (3) variations in electric and magnetic fields.
The variability in range of the Earth’s magnetic field
over the magnetic dip equator has been described as
the cause of the variation of equatorial ionospheric
conductivity with longitude [Rastogi, 1962]. The re-
sulting E X B vertical drift and neutral wind velocities
are described as the primary drivers that dictate the
movement of ionization and directly influence the
development of the equatorial anomaly. More recent
studies have used TOPEX data to evaluate specific

10
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Figure 3b. Scatterplots from bins 6-10 show data during spring equinox, summer, and winter of 1993.

events and longitude structure during a particular
seasonal period [Forbes et al., 1997]. Additional works
compare TOPEX to the International Reference
Ionosphere (IRI) model results, with emphasis on
interhemispheric asymmetry of the equatorial anom-
aly [Bilitza et al., 1996]. The present study evaluates
low-latitude TOPEX data during the periods of equi-
nox, summer, and winter of 1993, 1994, and 1995. The
seasonal focus of the model simulations is spring
equinox 1993 at solar moderate conditions and rela-
tively low magnetic activity (Kp = 4). Simplc modi-
fications made to the vertical drift inputs of the GTIM
provide fow-latitude TEC values that approximate the
TOPEX time-averaged longitude configuration. In
section 2 the TOPEX orbit and dual-frequency altim-
eter measurements are reviewed, followed by a dis-
cussion ol the limitations in the application of the
TOPEX data to ionospheric research Model calcu-

lations of TEC values and the comparison with the
TOPEX data are presented in section 3. Discussion is
given in section 4, and finally, conclusions are drawn
in section 5.

2. Measurements and Observations

2.1. TOPEX TEC Measurements

The TOPEX/Poseidon satellite was launched in
1992 for the study of global ocean dynamics. The
satellite has an orbital altitude of 1336 km (equatorial
reference) and an inclination of 66°. One full revolu-
tion, which is achieved in 112 min, consists of two
passes: An ascending pass spans —60° to 66 latitude;
a descending pass spans 66° to —66° latitude. Consec-
utive revolutions arc offset to the west by approxi-
matety 30°. This TOPEX coverage provides the ability
to observe TEC variability across the world in | day at
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Figure 3c. Standard deviations are plotted with the mean total electron content (TEC) of the southern
anomaly peaks. The bottom plot corresponds to Figures 3a and 3b (16001800 LT, April 1993). The top

plot represents data from 1400-1600 LT.

30° intervals at approximately the same local time.
There are 127 revolutions (254 passes) in a TOPEX
cycle, which covers the same surface tracks every 10
days. The differential between UT and LT, in combi-
nation with the “overlap” required to accomplish
ice-free ocean coverage, results in a 2-hour loss of
local time for each consecutive 10 days of universal
time.

TOPEX orbital speed is 7.2 km s ™!, and altimeter
measurements are obtained at a rate of one per
second. The ionospheric correction and vertical TEC
are computed from TOPEX dual-frequency range

measurements (5.3 GHz, C band, and 13.6 GHz, Ku
band). The measured range is give by

Rmcasured = eruc + ARinnosphcre + ARolhcr (1)
where Ry, is the true range, ARjonosphere is the
ionospheric range error at the frequency, C or Ku and
AR e, are the range errors due to other frequency-
dependent and non-frequency-dependent sources.
The range error, ARjonosphere (centimeters), has the
form be/f& or by, /fZ,, where b; equals 40.3 TEC, o1,
with f; expressed in gigahertz. The measured range
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Figure 4. Data from 3 days at approximately the same local time are represented from each bin.
Southern anomaly TEC values reveal a repeated longitude configuration.

equations for C and Ku bands provide an expression
for the differential ionospheric correction:

AR ionosphere = [40-3TECvertical][(f Iz(u -f é)/f éf liu:l 2

The vertical TEC follows as

TECvenical = AR ionnsphere[f(zflz(u/(flz(u - fé)403] (3)

One TEC unit (TECU) (10'® el m ~2) corresponds to
12.17-mm range error at the given TOPEX altimeter
frequencies. The uncertainty in the TOPEX iono-
- spheric correction has been estimated to be approxi-
mately 0.5 cm, which corresponds to 0.41 TECU
[Imel, 1994].

TOPEX satellite data present limitations in appli-
cations to studies involving TEC. Several constraining
factors are described as follows:

1. The instruments do not obtain readings over
land, resulting in discontinuities in the data set.

2. Because of the 66° inclination of the orbit,
careful analysis of data from individual satellite
passes is required. Differences in longitude (local
time) exist between altimeter measurements of the
two crests of the equatorial anomaly. The variations
in longitude (local time) can range from 10°— to 15°+

(40— min to 60+ min) depending on the latitudinal
extent of the anomaly.

3. NASA TOPEX and CNES Poseidon share an
antenna, which causes 10-day interruptions of the
data set.

4. The use of data from a transiting satellite does
not allow separation of diurnal from seasonal vari-
ability in TEC. For instance, equinox (March, April
or September, October) represents 12 hours of local
time, while summer (May-August) or winter (No-
vember-February) represents 24 hours of local time.

Observations are presented in the next section.
Data comparisons which are extended across the 10
bins reveal a trend that is maintained over local time
and season.

2.2. TOPEX TEC Observations

An example of TOPEX data from April 1993 is
shown in Figures 2a and 2b. The data were processed
by averaging over 1° of satellite orbit. (One degree
corresponds to approximately 16 s of flight and 110
km of ground track.) Figure 2a shows a closer look at
bins 1 and 2 in which 30° X 30° north and south
subbins are created and averaged separately to com-
pensate for the inclination of the orbit. The first two

13
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Figure 5. The longitude pattern is evident in the seasons of spring equinox, summer, and winter of
1993, 1994, and 1995.
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Figure 5. (continued)
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Figure 6. Each bar shows the number of days that onc longitude bin's TEC value (southern anomaly
peak) is greater or less than that of another bin. This consistent relative TEC pattern is representative
of the TOPEX average longitude configuration.
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between 1600 and 1800 (Figure 7a) are compared with model results from the global theoretical
ionospheric model (GTIM) with one drift input (Figure 7b) and GTIM with four drift inputs (Figure

7c).
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Figure 7. (continued)

passes and the last two passes are same-day passes
and are shared with adjacent bins, thereby separating
the TEC data (north from south) at bin boundaries.
The maximum and minimum points of the equatorial
anomaly are indicated symbolically. Lines are drawn
at *12° magnetic latitude to accentuate the differ-
ence in latitudinal extent of the anomaly in the
adjacent bins 1 and 2. This feature is also evident in
Figure 2b, where the passes within each bin are
plotted. Other characteristics to be observed are
crest-to-trough ratios, hemisphere differences, and
TEC gradients. Stronger anomaly formation with
higher TEC values, larger gradients, and crest-to-
trough ratios are seen in bin 1 compared with bin 2.
Hemisphere differences are not significant or consis-
tent in either bin.

Figures 3a and 3b illustrate the variability in TEC
during spring equinox (April), summer (August), and
winter (December) at 1600-1800 LT within bins 1-5
and bins 6-10, respectively. Several features of the
equatorial anomaly can be examined in these scatter-
plots. (A compromise in the data occurs in the
Northern Hemisphere in bins 6 and 7 due to the
presence of landmass.) Common to most longitude
bins is the noticeable hemisphere asymmetry in sum-
mer and winter. Higher, more variable TEC is ob-
served in the Northern Hemisphere in summer (ref-
erence to Northern Hemisphere summer and winter)

and in the Southern Hemisphere in winter, while the
equinox period reveals more symmetric anomaly val-
ues. The hemisphere aymmetry in TEC is most likely
due to changes in strength and direction of neutral
wind. A trend of dominant TEC is seen in the Asian
Southern Hemisphere (bin 8) during all seasons (see
Figure 3b). In addition, a relative decrease in TEC is
noticeable in bins 2-3, which is most evident in
equinox and winter due to the larger Pacific TEC
values observed during these seasons (see Figure 3a).

This longitude trend can be highlighted by focusing
on peak TEC measurements within each bin. Data
results shown in Figures 3c, 4, and 5 are concentrated
in the south where there is the least land interruption
of the TEC values. Both plots in Figure 3¢ show
standard deviations of mean peak TEC values (south-
ern anomaly crest) within the 10 longitude bins over
two consecutive 10-day periods in April 1993. The
bottom plot corresponds to the spring equinox data of
Figures 3a and 3b for 1600-1800 LT. The top plot
corresponds to April data for 1400-1600 LT. In spite
of the expected variability in absolute TEC values, a
distinct mean longitude pattern exists. Figure 4 shows
TEC peak values of the southern anomaly crest on
each of three consecutive days. The longitude pattern
clearly is repeated on a day-to-day basis. Figure 6
illustrates the frequency of occurrence of the relative
maximum TEC in the Indian/Asian region and the
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Figure 8a. TOPEX averages from Figure 7 are repeated for model comparison.

100

| Equinox (April) 1993 GTiM 4
80— —
- South -
5 Africo 1
& 60 —
£ - J
© - 4
b’ - 4
¥ o401 -
b | Local Time Range: 16 — 18 4
20 —
I North [ —— 4
L South — i
0 I 1 I . ]

-180 -100 0 100 180

GEOGRAPHIC LONGITUDE

Figure 8b. GTIM results after drift weighting factor manipulation show a longitude pattern similar to
TOPEX data.

21




1254

VLADIMER ET AL.: STRUCTURE OF LOW-LATITUDE TOTAL ELECTRON CONTENT

EQUINOX — VERTICAL DRIFTS

IR s S
AMERICAN
Weighling Factors:

[ (1.0)

LN B

n
()

EN
o
T

N
o

T T T

I T 1T "I’—Iﬁ_"ﬁ'—r‘-r—

VERTICAL DRIFT (m/s)
|
N
(@] o

|
EN
o
T

|
[22]
o

|

S

' 1 1 1 1 I 2 1 e 1

o

5 10

15

LOCAL TIME (hrs)

T T T T T
L PACIFIC
[ Weighting Foctors:

[ (.0
L (0.5) e

» (2]
o (@]
T T

N
o
T

' IV I

VERTICAL DRIFT (m/s)
Ny
(@] (@}

!
I
o

T

!
[¢2]
o

AT S S S N

| R S B

o
o

10

15 20

LOCAL TIME (hrs)

Figure 9. The four empirical drifts from Fejer et al. [1995] are shown (solid lines). Half-weighting was
required to acquire TEC values comparable to the parameterized ionospheric model (PIM) (dotted
lines). Variable weighting achieves results closer to the TOPEX configuration (dashed lines).

relative diminishment of TEC in the western Ameri-
can region for the April periods. Each bar in the plot
represents the number of days that one region’s peak
southern TEC value is greater or less than that of
another region. Describing the plot from left to right,
the first bar represents bin 8 greater than bin 3; the
second bar represents bin 8 greater than both bins 6
and 9; and the third bar represents bin 2 or 3 less than
both bins 1 and 4. Results are shown for time ranges
of 1400-1600 and 1600-1800 LT. Figure 5 illustrates
the longitude behavior of 10-day averaged maximum
TEC values of the southern anomaly crest within 10
bins. The configuration ot longitude dependence is
maintained over a 4- to 6-hour local time range. The
analysis is shown for spring equinoxes, summers, and

winters of 1993, 1994, and 1995. The data from
1400-1600 and 1600-1800 LT are shown separately
to illustrate that although TEC values change, the
overall configuration is similar during both time
ranges. The most consistent occurrence of this pat-
tern of TEC is seen during 1400-1800 LT and is
altered when earlier and later local times are evalu-
ated. The existence of a relative maximum in bins 7
and 8 and a relative minimum in bins 2 and 3 is
evident to a certain extent in all seasons. The feature
of stronger Indian/Asian peak values is seen consis-
tently, although it diminishes with later local times
and decreasing solar cycle. These results are in agree-
ment with previous studies [Su et al., 1995] which have
evaluated summer data from stations near East Asia
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Figure 9. (continued)

and mid-Pacific longitudes. The enhanced TEC val-
ues in the Indian region are also consistent with
. previous findings of a maximum in the strength of the
electric field over the magnetic equator in India
during the equinox period [Rastogi, 1993]. In addition,
Rastogi [1962] has described the intensity of the
magnetic field (H) as strongest in the Indian region
and at a minimum in South America, while the range
of H is greatest in the American region and least in
India. The relative minimum trend in the western
American/Pacific bins 2 and 3 is most obvious in
equinox and, to a lesser extent, in summer due to
decreasing TEC in bins 1 and 4. Also, in winter the
relative minimum appears to shift toward bins 3 and
4, while bins 1 and 2 are maintained at values
comparable to bin 8 in the Indian/Asian region.

3. Results of Model Calculations

The global theoretical ionospheric model (GTIM)
is designed to generate the ionospheric conditions
based on several parameters given for a specific day.
This model uses ion continuity and momentum equa-
tions to calculate electron density profiles (EDPs)
and total electron content (TEC) for a particular
longitude and day of the year. Specifically, for the F
region, the time-dependent ion (0 *) continuity equa-
tion is utilized. The component parallel to the electric
field velocity is derived from electron and ion equa-
tions; the perpendicular component is the E X B drift.
In addition to the electric field, the input parameters
for the model include the neutral constituents, tem-
perature, and winds. The ion and electron tempera-
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Figure 10. Longitude sector vertical drifts and weighting factors are indicated for each of the 10
TOPEX bins. Required modification of weighting factors is shown. These factors were used for drift
inputs to GTIM, giving results that approach TOPEX observations.

tures, solar EUV fluxes, and values of the magnetic
field are also utilized [Decker et al., 1997]. The
parameterized ionospheric model (PIM) is a compu-
tationally efficient ionospheric and plasmaspheric
model developed by the Air Force Research Labora-
tory to aid a global parameterized real-time iono-
spheric specification model (PRISM). The iono-
spheric part of the model consists of a database of
results of several regional theoretical ionospheric
models and a FORTRAN code designed to extract
this data for particular geophysical conditions and
spatial coordinates. While the ionospheric part of the
model is based solely on theoretical climatology, the
plasmaspheric portion of PIM is based on the Gal-
lagher plasmaspheric (H*) empirical model. The
geophysical parameters required are date and time,
magnetic activity index (Kp), orientation of the inter-
planetary magnetic field, solar activity indices (F g 7),
and sunspot number (SSN). The model calculates the
EDPs and TEC between the altitude of 90 and 25,000
km [Daniell et al., 1995].

The results shown in Figure 7 are focused on 1993
spring TEC data. Averages of both the south and
north maximum TEC values (i.e., the anomaly crests)

are presented for 1600-1800 LT. TOPEX (Figure 7a)
shows hemisphere differences, which are most notice-

- able in bins 5 and 8, with small asymmetries in bins 3,

4, and 10. GTIM was run at approximately the
average bin longitudes, first utilizing one drift input
(Figure 7b) for all 10 longitude regions and then using
four vertical drift inputs (Figure 7c). These average
drifts were developed from AE-E satellite data which
were collected at moderate to high solar flux condi-
tions [Fejer et al., 1995]. The weighting factor for
these four longitude sector drifts was decreased by 0.5
in order to obtain GTIM results that were compara-
ble to TOPEX TEC values, but longitude features
were not reproduced. Most remarkable is the lack of
TEC enhancement in the Pacific bin 1 and in the
Indian/Asian bins 7 and 8. Overall, TEC values are
higher than TOPEX, with indications of hemisphere
asymmetry primarily in the Pacific and American
sectors. PIM results (not shown) demonstrate a lon-
gitude pattern similar to GTIM, with a slight decrease
in TEC and minimal hemisphere asymmetry. There is
an insignificant difference in the GTIM outputs re-
sulting from the use of one drift or four drifts. This
outcome is expected due to the lack of longitude
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Figure 11. (a) TOPEX bin samples taken at approximately the average bin longitudes at 1630-1730
LT are shown. (b) GTIM results are shown from runs made at average bin longitudes. (Drift inputs are
at half-weighting.) TOPEX longitude dependence is not observed. (c) GTIM results are shown from
runs made at average bin longitudes. (Drift inputs are at variable weighting.) TOPEX peak TEC values

are approximated.

dependence in the four empirical model average
drifts during the equinox period.

Drifts were then altered again by a simple scaling
manipulation which allowed GTIM to reproduce the
TOPEX longitude shaping. Figures 8a and 8b illus-
trate the TOPEX and GTIM results, respectively.
The TEC values are higher than TOPEX by 5-10
TECU, and hemisphere asymmetries are similar, with
the exception of bins 5 and 10, which are reversed.
The vertical drifts that have been modeled for four
longitude sectors are shown in Figure 9. The solid
lines represent the average drifts given by Fejer et al.
[1995]. The dotted lines indicate the half-weighting
that brought the GTIM results closer to the TOPEX
values. The dashed lines are the input drifts that
reproduced the TOPEX configuration. These manip-

ulated drifts appear to be within the scatter represen-
tation of the drift measurements [Fejer et al., 1995].
Figure 10 indicates which of the four modeled drifts
were used for the 10 longitude bins and the required
changes in the drift weighting factors. Finally, Figure
11 shows specific anomaly shapes within bins 1-10.
(Bin numbers are indicated to the right of the plots.)
On the far left (Figure 11a), TOPEX passes chosen
from each bin (at the GTIM run longitudes) are
compared with the GTIM results with unmodified
drifts (Figure 11b) and to the GTIM results with
modified drifts (Figure 11c). The increase in drifts for
the Indian/Asian and Pacific sectors caused not only
higher TEC values but also an increase in the latitude
spread of the crests and larger crest-to-trough ratios.
A decrease in the drifts in the western American
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Figure 11. (continued)

region resulted in the opposite effect. There is some
agreement in hemisphere asymmetry, but the magni-
tude of the crest-to-trough ratios and the TEC gradi-
ents are not well matched to the observations. Results
at the Brazilian sector are inconclusive with respect to
longitude dependency of adjacent bins due to the
missing data over South America and Africa.

4. Discussion

Results have shown that the ionosphere model
(GTIM) responds to modifications of the E X B
vertical drift inputs and reproduces observed longi-
tude dependence of TEC. More accurate shaping of
the equatorial anomaly can be accomplished by addi-
tional adjustments to GTIM parameters and inputs.
A change to a more appropriate low-latitude temper-
ature model [Brace and Theis, 1981] was superim-
posed on the modified drift inputs. The GTIM output
is shown in Figure 12b. An increase in the crest-to-
trough ratios is a significant result. This improvement

VLADIMER ET AL.: STRUCTURE OF LOW-LATITUDE TOTAL ELECTRON CONTENT

in the crest-to-trough ratio is achieved by enhance-
ment of the crest TEC values, but the anomaly trough
values remain high compared with the observations.
The increase in crest TEC is most noticeable at the
longitudes where the drift weighting factors have
been increased. TEC gradients have been improved
as well. Results of an additional modification to the
altitude gradient of the vertical drifts are shown in
Figure 12c. It has been indicated previously [Pingree
and Fejer, 1987] that the altitude variation of the
vertical drift velocity is important in the development
of the equatorial anomaly. Altitude dependence is not
utilized in the initial GTIM runs. The modification of
the altitude gradient involved a simple linear height
variation in the vertical drift. The response is mini-
mal, revealing an increase in crest-to-trough ratios in
the Indian/Asian sector and a slight difference in
TEC gradients. Previous work by one of the authors
[Doherty et al., 1997] yielded similar results. Improved
anomaly TEC slopes and crest-to-trough ratios were
demonstrated with changes to ion and electron tem-
peratures and modification to the altitude gradient of
the vertical drift velocity. These alterations to drifts
and temperatures as well as variations to other model
inputs such as neutral winds will provide the ability to
investigate the factors that are responsible for the
finer features of the equatorial anomaly.

5. Conclusions

TOPEX over-ocean low-latitude TEC data have
been averaged within 10 defined bins which, in total,
span 360° of geographic longitude and 60° of geomag-
netic latitude. The TOPEX satellite orbit allows
evaluation of TEC for the same days at approximately
the same local time within each bin. In spite of
particular limitations of the TOPEX measurements,
this extensive data set can be utilized in many appli-
cations to ionospheric research as a supplement to
other space-based and ground-based sources of TEC
data. In addition, validation of ionospheric models
can be accomplished with TOPEX observations with the
important goal of accurate space weather forecasting.

In this study, TOPEX has been used to demon-
strate a trend of longitude dependence of the equa-
torial anomaly. Specifically, it is shown that a longi-
tude configuration of the maximum values of the
anomaly is maintained over a 4- to 6-hour period of
time within three seasonal periods (spring equinox,
summer, and winter) of 1993, 1994, and 1995. Other
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Figure 12. (a) Data are repeated from Figure 11a for comparison with model results. (b) GTIM results
are shown. (Drift inputs are at variable weighting plus adjusted temperature model.) Significant
improvement in crest-to-trough ratios and TEC gradients is seen. (c) GTIM results are shown. (Drift
inputs are at variable weighting plus adjusted temperature model and modified drift altitude gradient.)
Additional improvement in anomaly shaping is seen.

characteristics of the equatorial anomaly were ob-
served and can be evaluated in terms of longitude
dependence. These features include the latitude
spread of the anomaly crests, the TEC gradients, the
crest-to-trough ratios, and the hemisphere asymme-
try. PIM resuits and GTIM runs with unmodified drift
inputs do not reproduce the pattern of maximum
TEC values provided by the TOPEX ionospheric
correction during spring equinox of 1993. A straight-
forward manipulation of the vertical drift inputs to
GTIM produced the TOPEX-observed longitude
configuration. Although TEC values and latitude
extent of the anomaly crests given by GTIM after drift
input modification demonstrated improved agree-
ment with TOPEX, other details of the anomaly
shape were not well matched to the TOPEX obser-

vations. Additional alterations to the GTIM temper-
ature model and vertical drift altitude gradient re-
sulted in a significant improvement in the details of
the shape of the equatorial anomaly including in-
creased crest-to-trough ratios and TEC gradients.

Further evaluation of the TOPEX TEC data with
respect to low-latitude longitude dependences com-
bined with model simulations capable of reproducing
these observations will lead to an improved under-
standing of the extreme variability in the equatorial
anomaly and an increased capability of predicting the
ionosphere at low latitudes. A global data set such as
TOPEX can be utilized together with other sources of
jonospheric measurements and observations to de-
velop a data assimilative model which would be used
as a tool for providing ionospheric “weather.”
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Figure 12. (continued)
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Abstract

With increasing reliance on space-based platforms for global navigation and communication, concerns about the
impact of ionospheric scintillation on these systems have become a high priority. Recently, the Air Force Research
Laboratory (AFRL) performed amplitude scintillation measurements of L1 (1.575 MHz) signals from GPS satellites
at Ascension Island (14.45° W, 7.95° S; magnetic latitude 16° S) during February—April, 1998, to compare
amplitude scintillations with fluctuations of the total electron content (TEC). Ascension Island is located in the
South Atlantic under the southern crest of the equatorial atomaly of F2 ionization where scintillations will be much
enhanced during the upcoming solar maximum period. Ascension Island is included in the global network of the
International GPS Service (IGS) and the GPS receivers in this network report the carrier to noise (C/N) ratio, the
dual frequency carrier phase and pseudorange data at 30-s intervals. Such data with a sampling interval of 30 s were
analyzed to determine TEC, the rate of change of TEC (ROT) and also ROTI, defined as the standard deviation of
ROT. The spatial scale of ROTI, sampled at 30 s interval, will correspond to 6 km when the vector sum of the
ionospheric projection of the satellite velocity and the irregularity drift orthogonal to the propagation path is of the
order of 100 m/s. On the other hand, the scale-length of the amplitude scintillation index corresponds to the Fresnel
dimension which is about 400 m for the GPS L1 frequency and an ionospheric height of 400 km. It is shown that,
in view of the co-existence of large and small scale irregularities in equatorial irregularity structures, during the early
evening hours, and small magnitude of irregularity drifts, ROTI measurements can be used to predict the presence
of scintillation causing irregularities. The quantitative relationship between ROTI and S4, however, varies
considerably due to variations of the ionospheric projection of the satellite velocity and the ionospheric irregularity
drift. During the post-midnight period, due to the decay of small scale irregularities leading to a steepening of
irregularity power spectrum, ROTI, on occasions, may not be associated with detectable levels of scintillation. In
view of the power law type of irregularity power spectrum, ROTI will, in general, be larger than S4 and the ratio,
ROTI/S4, in the present dataset is found to vary between 2 and 10. At high latitudes, where the ionospheric motion,
driven by large electric fields of magnetospheric origin, is much enhanced during magnetically active periods, ROTI/
S4 may be considerably larger than that in the equatorial region. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

* Corresponding author. Tel.: +1-202-404-4384; fax: +1- During the post-sunset period, the F-region of the
202-767-0631. equatorial ionosphere often becomes unstable through
E-mail address. santimay@aol.com (S. Basu). a complex interaction between electric fields, neutral
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winds and the earth’s magnetic field (Rishbeth, 1981:
Kelley, 1989). At this time, the eastward electric field is
often enhanced to destabilize the ionosphere and the
meridional neutral winds can exert a stabilizing force
on the ionospheric plasma (Mendillo et al., 1992; Basu
et al., 1996; Groves et al., 1997). In the presence of
these competing forces, the ionosphere, on some eve-
nings, becomes destabilized and causes plasma bubbles
to form, which penetrate far into the topside iono-
sphere (McClure et al., 1977). While plasma bubbles
have typical east-west dimensions of several hundred
kilometers, these contain irregularities with scale-
lengths ranging from tens of kilometers to tens of
centimeters (Woodman and LaHoz, 1976; Tsunoda,
1980). Indeed, Basu et al. (1978) showed that between
sunset and midnight, 3-m scale irregularities that cause
radar backscatter at 50 MHz, co-exist with sub-kilo-
meter scale irregularities that cause VHF and L-band
scintillations. After midnight, however, the radar back-
scatter and L-band scintillations decay but VHF scin-
tillations caused by km-scale irregularities persist for
several hours.

As summarized in the previous paragraph, the over-
all nature of evolution of irregularities in the scale-
length range of kilometers to tens of centimeters have
been investigated. In this paper, we investigate the
quantitative relationship between tens of kilometer and
sub-kilometer scale irregularities in equatorial plasma
bubbles. For this purpose, AFRL conducted an equa-
torial scintillation campaign at Ascension Island
(14.41° W, 7.95° S; magnetic latitude 16° S) during
February-April, 1998. Ascension Island (dip latitude:
16° S), is nominally located below the southern crest
of the equatorial anomaly in the F-region and, as
such, TEC and scintillations are enhanced during the
post-sunset period, especially during the solar maxi-
mum period. Indeed, at this station, during the solar
maximum period, scintillations at 1.5 GHz, exceeding
20 dB, are observed 20% of the time between sunset
and midnight. During the present campaign at
Ascension Island, AFRL acquired 1.575 GHz trans-
missions from GPS satellites and recorded amplitude
scintillation data at a sampling frequency of 10 Hz.
The amplitude scintillation index, S4, defined as the
second central moment of signal intensity, was com-
puted every 60 s. These measurements probed iono-
spheric irregularities of about 400-m scale-length that
corresponds to the Fresnel dimension. At this station,
AFRL also monitors continuously 1.612 GHz and
250 MHz transmissions from geostationary satellites,
Inmarsat and Fleetsat respectively, and obtains ampli-
tude scintillation indices (S4) at these two frequencies.

The Ascension Island station is included in the
ground-based global GPS network overseen by the
International GPS Service (IGS) for Geodynamics.
Each station in this network collects GPS data and

provides the carrier phase, pseudorange and carrier to
noise ratio of the dual frequency signals. The carrier
phase data is least square fit over 10-s intervals and
the data is collected at 30-s intervals. Several research-
ers (Wanninger, 1993; Doherty et al., 1994; Aarons et
al., 1996) have utilized the data at 30-s intervals to
study ionospheric irregularities of electron density by
computing the time rate of change of the differential
carrier phase. This is equivalent to the rate of change
of the total electron content (TEC), termed ROT, in
units of TEC/min which can indeed provide infor-
mation on the spatial variation of electron density de-
viation at large scale-lengths. Aarons et al. (1996;
1997) and Aarons (1997) have demonstrated the utility
of such dataset for studying the irregularity character-
istics in equatorial plasma bubbles and for investi-
gating the evolution of large scale irregularities during
magnetic storms at both low and high latitudes.
Recently, Pi et al. (1997) have defined a rate of change
of TEC index (ROTI) based on the standard deviation
of ROT over a 5-min period. This index statistically
quantifies the ROT measurements. It should be
remembered, however, that such studies provide infor-
mation on large scale irregularities of electron density.
Since the data is sampled at 30-s intervals, the Nyquist
period is 60 s. The scale length corresponding to this
Nyquist period will be dictated by the components of
the ionospheric projection of the satellite motion and
the irregularities in a direction perpendicular to the
propagation path. If the vector sum of these two vel-
ocities is, for example, 100 m/s then the irregularity
scale-lengths sampled by ROT and ROTI will corre-
spond to 6 km. On the other hand, amplitude scintil-
lations of GPS satellites at 1.575 GHz measured by
AFRL are caused by Fresnel scale irregularities
(<400 m).

In this paper, we compare the S4 index of GPS scin-
tillations with the ROTI values and, thereby investi-
gate the evolution of large and small scale
irregularities at scale-lengths of a few kilometers and
400 m, respectively. We shall iliustrate the variation of
this ratio and discuss it in the context of the GPS sat-
ellite trajectory, zonal plasma drift and irregularity
spectral index. One of the motivations of this study
was to determine if the global IGS network might be
utilised for the specification of L-band scintillations.

2. Results and discussions

The scintillation measurements to be discussed in the
paper were performed during February-April 1998.
This period corresponded to the solar minimum period
when the magnitude of scintillation of L-band signals
from both GPS satellites and geostationary satellites
varied between weak to moderate levels.
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The dual frequency carrier phase and pseudorange
data from the IGS receivers at 30-s intervals are com-
bined to determine the total electron content (TEC) of
the ionosphere. The differential carrier phase data
alone are used to determine the rate of change of TEC
(ROT) along the line of sight over each 30-s interval.
The standard deviation of ROT, defined as the rate of
change of TEC index (ROTI), is computed over 5-min
intervals (Pi et al., 1997).

Fig. 1 shows the results of the analysis of Ascension
Island data recorded on 25 February 1998. The top
panel shows the UT variation of elevation angles of all
GPS satellites above 10° elevation angle. By using the
carrier phase and group delay measurements of GPS
signals at L1 (1.575 GHz) and L2 (1.227 GH2)
reported at 30-s intervals, the total electron content
along the slant path from the receiver to the satellites
are first determined. From a knowledge of ionospheric
zenith angles, the slant TEC values are converted to

ASCENSION ISLAND

the equivalent vertical TEC values. The variation of
the equivalent vertical TEC with universal time is
shown in the second panel. The gap in the plot
between 13:00 UT (12:00 local time) and 21:30 UT
(20:30 local time) is caused by the signal loss due to
receiver problems. The third and fourth panels illus-
trate respectively the variation of the rate of change of
TEC/min (ROT) along the line of sight and the rate of
TEC index (ROTI). From panel 2, the presence of
some large scale depletions of TEC or plasma bubbles
may be noted during the early evening hours between
21:30 UT (20:30 local time) and 24:00 UT (23:00 local
time). A close comparison of panels 2, 3 and 4 indicate
that TEC depletions in panel 2 correspond to increased
fluctuations of ROT in panel 3 and larger values of
ROTI in panel 4. This establishes that plasma bubbles
are associated with large scale irregularities (~ a few
km scale-lengths).

Fig. 2 compares the temporal structures of ampli-
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Fig. 1. Hlustrates the results obtained from an analysis of observations made by the International GPS Service (IGS) receivers at
Ascension Island on 25 February 1998. (a) The top panel shows the elevation angles of all GPS satellites, (b) the second panel
shows the variatian of the intal electran content (TEC) with universal time, {(c) the third panel shows the rate of change of TEC
(ROT) in TEC units per min, where 1 TEC unit corresponds to 10'¢ electrons m™* and (d) the fourth panel shows ROTI, the stan-

dard deviation of ROT at 5-min intervals.
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tude scintillation and ROTI obtained from the GPS
satellite, PRN 18, during 16~17 February 1998. The
time axis has been suitably adjusted so that pre- and
post-~idnight scintillation structures may be shown in
the su:ne diagram. The top panel illustrates the carrier-
to-noise (C/N) ratio recordings of GPS L1 (1.575
GHz) signals obtained by the AFRL scintillation recei-
ver as a function of universal time. The sampling fre-
quency of the C/N ratio was 10 Hz. The S4 index of
amplitude scintillation, defined as the standard devi-
ation of signal intensity fluctuations normalized by the
average signal intensity, was obtained from the C/N
ratio data at l-min intervals. This is illustrated in
panel 2. Comparing panel 2 with successive panels 3, 4
and 5, it may be concluded that the two enhanced scin-
tillation (S4) structures, detected shortly after 22:00
UT and around 01:00 UT, correspond quite well with
TEC depletions, ROT fluctuations and enhancements
of ROTL However, there are important differences

S. Basu et al. | Journal of Atmospheric and Solar-Terrestrial Physics 61 (1999) 1219-1226

between the temporal structures of S4 and ROTI,
which we shall address later in this section.

Fig. 3 shows the results for PRN 18 on 17-18
February 1998, in the same format as in Fig. 2. On
this night, the TEC variations are very smooth and
there is no detectable amplitude scintillation of GPS
signals. However, there is small ROTI enhancement
after 00:00 UT. It probably signifies the case of an
eroded plasma depletion, which contains large-scale
ROTI irregularities without the presence of any
Fresnel scale irregularities.

A scatter plot of 15-min average values of S4 and
ROTI is shown in Fig. 4. There is considerable scatter
in the figure and the scatter increases if the data are
not averaged. The GPS satellites with different trajec-
tories have different values of the projected velocity in
the ionosphere. The vector sum of the projected satel-
lite velocity and the ionospheric drift in a direction
perpendicular to the propagation path dictates the
scale-length of ROTI. The scale-length variation of

PRN 18 16-17 Feb 1998
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Fig. 2. Compares the amplitude scintillation index of GPS satellites with the total electron content (TEC) and its time derivatives
from PRN 18 observations at Ascension Island on 16-17 February 1998. (a) The top panel shows the variation of the carrier to
noise ratio of GPS L1 (1.575 GHz2) signals. (b) the second panel shows the variation of the amplitude scintillation index at 1-min
intervals, (c) the third panel shows the variation of TEC, (d) the fourth panel shows the rate of change of TEC (ROT) at 1-min
interval and, (e) the fifth panel shows the standard deviation of ROT at 5-min intervals.
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ROTI contributes primarily to the observed scatter.
Overall, Fig. 4 indicates that when all satellites are
considered, the ratio of ROTI/S4 varies between 2 and
10. We shall show that when satellites are considered
individually, the range of variation of ROTI/S4 is
much reduced.

Fig. 5 illustrates the relationship between ROTI and
S4 individually for a set of satellites on particular
days. Since ROTI values are obtained at 5-min inter-
vals, the S4 values, derived at l-min intervals, have
been averaged over 5-min intervals. In these plots,
ROTI/10 and S4 are plotted along the ordinate with
the same scale. The top panel illustrates the results
obtained from PRN 18 observations on 24 February
1998. The solid line plot shows the amplitude scintil-
lation index (S4) and the rate of change of TEC index
(ROTI) is shown in dotted lines. It may be noted both
S4 and ROTI exhibit two structures, one in the pre-
midnight hours and the other during the post-midnight
period. For these structures, the ratio of the magni-
tudes of ROTI and S4 varies between 4 and 6. In the
middle panel, the same two parameters are compared
for PRN 13 observations on 23 March 1998. In this

case, the correspondence between two major S4 and
ROTI structures and their sub-structures is striking,
with the ratio of ROTI and S4 varying between 3 and
4. The bottom panel shows that on 27 March 1998,
the same satellite (PRN 13) detected a S4 and ROTI
structure early in the evening after 22:00 UT (21:00
local time). In the early phase, the overall correspon-
dence between S4 and ROTI is good but there is a
conspicuous time shift. At this time, the ratio ROTI/
S4 approaches a value of 9; 1 h later, at about 23:00
UT, the ratio attains a value of 5, which approaches
the value attained on 23 March 1998 between 23:30

. and 01:00 local time. In the absence of reliable iono-

spheric drift measurements, it is not clear if the
enhanced value of ROTI/S4 in the early phase is a
result of enhanced irregularity drifts. As illustrated in
Fig. 3, extreme values of ROTI/S4 may be encountered
during the post-midnight period when S4 approaches
zero for finite value of ROTI. This is a result of faster
decay of Fresnel scale irregularities due to increased
diffusion perpendicular to the magnetic field.

To a first approximation, the ratio of ROTI and S4
is dictated by the respective scale-lengths. The scale-
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Fig. 3. Same as in Fig. 2 for PRN 18 on 17-18 February 1998.
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length of S4 corresponds to the Fresnel dimension,
(242)'?, where 1 is the radio wavelength (0.39 m at the
GPS L1 frequency of 1.575 GHz), and z is the slant
range to the ionospheric point. For z = 400 km, the
Fresnel dimension is 390 m. With 30-s sampling inter-
val, the Nyquist period of ROTI data is 60 s. The
scale-length corresponding to ROTI is, therefore, the
product of 60 s and the vector sum of the ionospheric
projection of the satellite velocity and the drift of the
ionospheric irregularities. The velocity component per-
pendicular to the propagation path to the GPS satellite
which controls the temporal structure of ROT needs to
be evaluated. For different GPS satellites with varying
satellite trajectories, the ionospheric projection of the
satellite velocity is different and, as such, even for the
same irregularity drifts, the scale-length of ROTI for
different satellites will be different. The effects of the
ionospheric motion also need to be considered which,
in the equatorial region, varies nominally from 150 m
s! towards the east in the early evening hours to
about 30 m s™' to the east around midnight. Overall,
the scale-length for ROTI will be larger for satellites
with higher velocities and for higher ionospheric drifts.

The scale-length corresponding to S4 will not vary per-
ceptibly for different satellites since the Fresnel dimen-
sion has weak dependence on the slant range to the
ionospheric penetration point. Since the power spectral
density is higher at larger scale-lengths due to the
power law type of irregularity spectrum, the ratio of
ROTI/S4 will be higher for satellites with higher pro-
jected velocities. Overall, the variations in the scale-
length of ROTI, due to variations of the projected sat-
ellite velocity in the ionosphere and the irregularity
drift, control in a major way the ratio of ROTI/S4.

3. Summary

The rate of change of TEC (ROT) and the rate of
change of TEC index (ROTI) that can be obtained
from widely dispersed IGS stations performing two-
frequency GPS satellite observations can be used, es-
pecially in the equatorial region, as an indicator of
the presence of scintillation causing small-scale iono-
spheric irregularities. This is a result of the small
magnitude of zonal drifts in the equatorial iono-

Ascension Island, Feb-Mar 1998, 15 Minute Mean
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sphere and the co-existence of large and small-scale
irregularities in equatorial irregularity structures, at
least during the pre-midnight period. In the post-
midnight period, small Fresnel scale irregularities
decay due to increased diffusion so that large scale
(ROT and ROTI) irregularities may be detected
without any associated amplitude scintillation.

It is difficult to obtain quantitative estimates of scin-
tillation from an analysis of ROTI. The satellite vel-
ocity projected in the ionosphere and the velocity of
the ionospheric irregularities control in a major way
the ratio of ROT1/S4 since the variation of the Fresnel
dimension is rather small. At high latitudes, the iono-
spheric motion during active conditions may approach
speeds of a few kms™'. As a result, the ratio of ROTI/
S4 at high latitudes may be considerably larger than
that in the equatorial region even though the small-
scale irregularities are more intense at equatorial lati-
tudes.
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